Aims. In the context of high contrast imaging, we propose to evaluate the performance of the Apodized Pupil Lyot Coronagraph (APLC) working without Lyot Stop, namely Stop-less Lyot Coronagraph (SLLC). This coronagraph is a combination of an entrance pupil apodizer and an opaque mask in the following focal plane. However, contrary to APLC, SLLC is amputated by the traditional pupil stop. Our goal is to stress the interest of using this coronagraphic solution, in particular for instruments for which the introduction of a stellar coronagraph with Lyot stop is made impossible. Methods. We estimate the intensity attenuation achieved with SLLC and carry out our study with a focus on the case of Gran Telescopio Canarias (GTC). In a first step, numerical simulations are made assuming the absence of any aberration, thereafter SLLC performance is evaluated considering AO corrected wavefronts in our approach for ground-based instruments. Results. SLLC performance proves to be equivalent to that obtained with APLC in presence of AO compensated atmospheric turbulence images, which Strehl ratio is S = 0.552 at the wavelength λ = 1.57 µm. This coronagraph allows to remove the peak intensity of a star image and therefore, avoid detector saturation. Moreover, it helps increasing the image dynamic range. A mean contrast gain in stellar magnitudes ∆m = 0.23 is obtained with SLLC whereas APLC reaches a value ∆m = 0.38.
Introduction

Astronomical context
Direct detection of faint substellar companions, like extrasolar planets or brown dwarfs, is a very exciting but challenging issue. Imaging directly substellar companions will allow having access to their spectrum. The characterization of these dim stellar objects will provide data about their atmospheric composition. Moreover, metallicity and Carbon-to-Oxygen ratio of the faint substellar companions will be determined. The detection and amount of bio-signals (like water [H 2 O] , oxygen [O 2 ], ozone [O 3 ]...) will bring elements of response about the eventual presence of life, apart from the Earth (Woolf & Angel 1998) . With images of faint companions, it will also be possible to better understand mechanisms of planetary formation (Burrows & Sharp 1999 ) and calibrate the current atmospheric evolution models (Marley et al. 1999) . Hence, direct detection appears very promising to approach these issues. However, companions like extrasolar giant planets are predicted to be very dark, compared to their host star. Therefore, reduction of the star diffracted light is required to image, and thereafter characterize, faint substellar companions.
Limitations for the detection of faint sources
Space telescopes are only limited by the quality of their optics, thus, they can practically achieve their theoretical resolution limit. Combined with a diffraction suppression system, they should reach high contrast imaging at small angular distances. Coronagraphic surveys realized with the Hubble Space Telescope (HST) have allowed to provide interesting images and data about protoplanetary disks, debris disks or planetary mass companions (e.g. Lowrance et al. 2005; Song et al. 2006; Grady et al. 2007; Krist 2007; Farihi et al. 2007 ). The James Webb Space Telescope, called to replace the HST, is designed to be launched in 2013 and shall be able to observe exoplanets (Gardner et al. 2006) . On the other hand, ground-based telescopes require very efficient Adaptive Optics (AO) systems to correct wavefront errors due to atmospheric turbulence. Even with a downstream diffraction suppression system, the faint source detection for current 8-10 m class telescopes remains limited by residual speckles (Racine et al. 1999) . These speckles are due to limitations in the AO correction system, corresponding to atmospheric turbulence residuals and non-common path instrumental aberrations. The atmospheric turbulence residuals are short-lived, with lifetime of a few to a few hundred milliseconds (Macintosh et al. 2005) . For total exposures times of tens of minutes, these speckles average down to a smooth halo. Non-common path instrumental aberrations originate from the differential optical path between wavefront sensor and science channels. They result in a mixture of static and slowly varying speckles, with lifetimes comparable to the exposure time. The resulting image therefore consists of a smooth halo onto which is superimposed a residual speckle pattern. Several techniques have already been proposed to overcome them (e.g. Marois et al. 2000; Sparks & Ford 2002; Guyon 2004; Marois et al. 2006; Lafrenière et al. 2007 ) and prove to be very encouraging to solve this problem.
Brief review of stellar coronagraphy
Stellar coronagraphy aims to attenuate the level of scattered light from the star, allowing imaging of faint objects present in its vicinity. Several coronagraphic designs were proposed, essentially during the last decade, to reach this goal. Most of them are reviewed in . We can mention the coronagraphs based on nulling interferometers to achieve bright star extinction (Gay & Rabbia 1996; Baudoz et al. 2000; Mennesson et al. 2003; Guyon & Shao 2006) , but the vast majority of the coronagraphic concepts are based on focal plane masks, derived from the original Lyot coronagraph. This original design was proposed by the French astronomer Bernard Lyot and it was used to image the solar corona in the absence of eclipse (Lyot 1933) . They consist in placing a mask in the focal plane of the telescope aperture, in which the star image is formed. Focal plane masks can be separated into the two following categories. On the one hand, opaque masks directly block the image of an observed on-axis bright star. Thereafter, a diaphragm, usually named Lyot stop, is placed in the re-imaged pupil plane. It stops the light diffracted by the mask, present outside the re-imaged pupil. The basic design of these masks was improved to increase the contrast and to be well-adapted to the telescope pupil (Kuchner & Traub 2002; Kuchner et al. 2005) . On the other hand, phase masks use part of the starlight to create destructive interferences and remove the stellar luminous flux. The original concept was proposed by Roddier & Roddier (1997) . Their technique spurred the development of a large number of phase masks over the past few years (Rouan et al. 2000; Soummer et al. 2003b; Mawet et al. 2005; Palacios 2005; Foo et al. 2005; Oti et al. 2005; Swartzlander 2006 ). Another coronagraphic concept consists of concentrating the stellar light within the central peak, rather than eliminating it, by modifying the pupil function . This can be done by using shaped binary pupils (Kasdin et al. 2003; Vanderbei et al. 2003a Vanderbei et al. ,b, 2004 Aime 2005b) or by modifying the transmission profile of the pupil (Nisenson & Papaliolios 2001; Guyon 2003; Traub & Vanderbei 2003; Martinache 2004; Yang & Kostinski 2004) . The diffraction rings of the stellar point-spread function (PSF) are considerably reduced, resulting in higher contrast in the search area. Pupil apodizer and focal plane mask can also be combined to enhance companion image (Aime et al. 2001 (Aime et al. , 2002 Soummer et al. 2003a; Aime 2005a; Soummer 2005 ).
Focus on Apodized Pupil Lyot Coronagraph
Apodized Pupil Lyot Coronagraph (APLC) represents a good example of this kind of combination. Its formalism is described in several papers (Aime et al. 2001 (Aime et al. , 2002 . APLC is an association of an apodization placed in the input pupil, an opaque mask in the following focal plane and a Lyot stop in the re-imaged pupil plane. This coronagraphic solution allows to reduce the luminous flux of an on-axis bright star. It also proves to be very interesting, since this concept can be well designed for any arbitrary telescope aperture (Soummer 2005) . Optimization methods were proposed for APLC to allow the performance to be rather insensitive to telescope designs (Martinez et al. 2007 ). APLC is being manufactured by the Lyot project team (Oppenheimer et al. 2004) . Furthermore, it has already been adopted as a coronagraphic solution for several instruments still under construction. One can cite the Gemini Planet Imager or SPHERE (Beuzit et al. 2006 ), the planet finder instrument for the Very Large Telescope (VLT). An APLC is also scheduled for EPICS, the planet hunter for the future European Extremely Large Telescope ).
Interest for APLC working without Lyot stop
For the Gran Telescopio Canarias (GTC), FRIDA has been designed as a diffraction-limited instrument with broad and narrow band imaging and integral field spectroscopy capabilities to operate in the wavelength range 0.9 − 2.5 µm (López et al. 2007 ). Upgrade paths for high contrast imaging using Lyot or phase spots and pupil masks have also been considered in the design. APLC was one of the coronagraphic configurations proposed for FRIDA (N'Diaye et al. 2007 ). Unfortunately, some mechanical constraints prevent from inserting any pupil stop within FRIDA second pupil plane, which is actually the spectrograph pupil plane. Hence, the introduction of a conventional APLC is strongly compromised in this case. However, a pupil apodizer and opaque mask can be included within FRIDA optical layout. Therefore, the behavior of this APLC working without a Lyot stop, that we will name Stop-less Lyot Coronagraph (SLLC), deserves to be studied. In the present approach, SLLC performance is analyzed. We will show that this coronagraphic device provides interesting results of starlight attenuation and proves to be very encouraging for instruments for which the insertion of a conventional APLC is not possible.
Assumptions
In this paper, we propose to quantify SLLC performance. In Sect. 2, we estimate the intensity attenuation that the SLLC should provide in the diffraction-limited case and we compare it to that given by APLC. In Sect. 3, our study is extended to the context of ground-based instruments: numerical simulations are used to evaluate the gain reached by SLLC in presence of AO corrected wavefronts. Here, no instrumental aberrations or other noise sources have been considered.
Stop-less Lyot Coronagraph: diffraction-limited case
Brief review of the APLC formalism
The principle of APLC is exposed in Aime et al. (2002) and Soummer et al. (2003a) , and generalized in Soummer (2005) to the case of arbitrary telescope apertures. We briefly review the common formalism, following the notations of Aime et al. (2002) . APLC is a combination of an apodizer in the entrance pupil, an opaque mask in the following focal plane and a Lyot stop (a diaphragm and an obscuration disk in the case of centrally obstructed apertures) in the re-imaged pupil plane. Fig. 1 gives an illustration of the coronagraphic setup. Planes A, B, C and D denote respectively the entrance pupil plane, the coronagraphic focal plane, the exit pupil plane and the detector plane. Here, the usual approximations of paraxial optics are made. Moreover, the quadratic phase terms associated with the propagation of the waves are neglected. Therefore, the coronagraph can be described using classical Fourier optics: a Fourier transform exists between each of the four planes. As suggested in Martinez et al. (2007) , we omit the spatial coordinates r and ρ (for the pupil plane and focal plane respectively) for the sake of clarity.f is the Fourier transform of the function f and ⊗ denotes the convolution product. P and φ are the telescope aperture function and the apodizer transmission. The wavefront complex amplitude in plane A ψ A can be expressed as follows:
In the focal plane B, the coronagraph mask is applied. Its transmission is given by 1 − ǫ M (with M equal to 1 inside the mask and 0 outside). The parameter ǫ is equal to 1 for an opaque mask (Lyot coronagraph). The complex amplitude becomes:
In the following re-imaged pupil plane C, the Lyot stop removes the starlight diffracted by the mask outside the exit pupil. Its function Π is equal to 1 inside the stop and 0 outside. This pupil stop function is considered equal to the telescope aperture function (Π = P) in a first approximation. Therefore, the complex amplitude can be written as:
Finally, in plane D, the coronagraphic complex amplitude is given by:
and then, we obtain the residual intensity I D in the final coronagraphic plane:
Eq. (3) makes the effect of coronagraph apparent. The complex amplitude in C is seen to be the difference of two terms: the direct wave corresponding to the entrance pupil and the wave diffracted by the mask. Complete starlight extinction is achieved if these two waves are identical within the Lyot stop; appropriate choice of the apodizer profile can in some cases lead to such perfect cancellation. Both waves match perfectly in the case of the Apodized Pupil Phase Mask Coronagraph (Roddier & Roddier 1997; Aime et al. 2002; Soummer et al. 2003a ). In the case of APLC, the coronagraphic amplitude is minimized and Soummer (2005) shows that it is proportional to the apodizer function inside the Lyot stop. Considering a non trivial pupil geometry, the apodizer shape depends both on the central obstruction of the telescope aperture and the mask size (Soummer 2005; Martinez et al. 2007 ).
Role and importance of the Lyot stop
The role of Lyot stop is to block the light diffracted outside the re-imaged geometric pupil, by the coronagraph mask (Lyot 1933) . It results in an increase of the coronagraphic gain and a better starlight extinction observable in the detector plane D.
In the case of phase mask techniques (e.g. Roddier & Roddier 1997; Rouan et al. 2000; Soummer et al. 2003b; Mawet et al. 2005) , the presence of the Lyot stop is crucial. Indeed, whereas the opaque mask directly blocks the starlight, the phase mask rejects most of the stellar flux outside the exit pupil. The pupil stop is required to remove the rejected starlight and attenuate star brightness in the final image plane D. In the case of APLC, Eq. (3) shows that the residual amplitude in plane C results from the difference between two waves: the entrance pupil wave and the wave diffracted by the mask. With APLC, these two waves do not match perfectly but are very close. It results in a weak amount of light in the whole plane C. Therefore, an appropriate choice of the apodizer shape allows to reduce the starlight contribution inside but also outside the relayed pupil. Two reasons can explain this effect: on the one hand, apodizer decreases the entrance pupil throughput and on the other hand, it allows to focus more light on the mask area. Hence, more stellar flux is occulted by the opaque mask and less light is met in the following re-imaged pupil plane C. The absence of pupil stop implies a loss of coronagraph performance, since light outside the re-imaged pupil is no longer blocked. However, the presence of an apodizer allows to reduce the starlight contribution inside but also outside the geometric pupil. Figure 2 shows the residual complex amplitude in plane C, in the case of Gran Telescopio Canarias (GTC, central obstruction: 12%). The opaque mask radius is r = 2.30 λ/D. On the top, the residual amplitude is given in absence of apodizer. On the bottom, the entrance pupil is apodized and it gives the corresponding residual amplitude. It can be noticed that the pupil apodization considerably reduces the residual pupil plane ampli-tude, both inside and outside of the geometrical pupil. We therefore propose to study the gain reached by Apodized Pupil Lyot Coronagraph working without Lyot stop, namely Stop-less Lyot Coronagraph (SLLC).
Criteria of the averaged attenuation
In the following, non coronagraphic images I 0 are normalized with respect to their peak intensity. The coronagraphic images I D represent intensity in plane D normalized with respect to the peak intensity obtained in that plane in the absence of the focal plane mask, but in the presence of pupil masks (apodizer and/or Lyot stop). Radial image profiles shown in Figures 3 and 4 are obtained by calculating azimuthal statistics (mean or standard deviation) of these images.
To characterize coronagraph performance, we refer to the attenuation A with a definition similar to that proposed by Abe (2004) , representing the ratio between the non coronagraphic and coronagraphic profiles averaged over an area D corresponding to a range of angular radii:
where r denotes position vector. The area D used in this paper covers the range from 4.0 to 20.0 λ/D.
Numerical results obtained with SLLC and comparison with those of APLC
In the present approach, we work with the characteristics of GTC (diameter D = 10.4 m, central obstruction: 12%), but we make the approximation of circular aperture and central obscuration. The focal plane mask is an opaque disk of radius 2.30 λ/D, which is delimited by a vertical line in all our plots. In the case of APLC, a Lyot stop equal to 0.90 times the geometrical pupil diameter is used. To generate the optimal apodization, we follow the numerical algorithm proposed by Guyon & Roddier (2000) , and used again in Guyon & Roddier (2002) and Soummer (2005) . It consists of subtracting the residual Lyot stop wave amplitude from the aperture wave amplitude in an iterative loop. With little iteration, the optimal apodizer is achieved. The observed bright star is first assumed to be a monochromatic punctual source and we decide to work with a wavelength λ = 1.57 µm (H-band). Figure 3 top plot gives the profiles achieved by SLLC and APLC. The intensity is attenuated by a factor A ∼ 724.6 with APLC and 6.1 with SLLC. It corresponds respectively to a mean gain in stellar magnitudes ∆m ≃ 7.15 and 1.96. Now, we consider a polychromatic punctual source. Our present study is still focused on H-band, hence, its central wavelength and bandwidth are respectively λ 0 = 1.635 µm and ∆λ = 0.177 µm (chromatism: ∆λ/λ = 10.826 %). Figure 3 bottom plot gives the profiles achieved by SLLC and APLC. The intensity is attenuated by a factor A ∼ 232.8 with APLC and 9.1 with SLLC, corresponding respectively to magnitude differences ∆m ≃ 5.92 and 2.39. It can be noticed that SLLC allows to reduce partially the star intensity and therefore, can constitute an interesting coronagraphic solution for instruments, for which the insertion of Lyot stop is made impossible. FRIDA (López et al. 2007 ), the future first science instrument of the GTC, belongs to this category. Of course, in the case of a diffraction-limited system, the absence of Lyot stop implies a non negligible loss of gain, since the averaged contrast gain provided by APLC is more than twice greater than that of SLLC, in stellar magnitudes.
In the following section, we will extend our study to the approach of a ground-based instrument and our simulations will be done considering AO corrected wavefronts. We will evaluate the gain that could be reached by SLLC and compare it to the attenuation provided by APLC.
3. SLLC in presence of AO corrected wavefronts: application for a ground-based instrument 3.1. From the diffraction-limited case to the context of the ground-based instruments
The previous study was carried out in the context of a diffraction-limited system. Here, we are getting interested in the concrete case of a ground-based instrument and from now on, our following studies will be made assuming a monochromatic point source. The atmospheric turbulence is now considered and we take into account the correction provided by an Adaptive Optics system. Results reached with SLLC in the presence of AO corrected wavefronts will be analyzed and compared with those of APLC. We decide to work with the parameters of the GTC site, the Observatory of Roque de los Muchachos. The standard seeing scenario gives a Fried parameter r 0 = 15 cm at λ = 0.5 µm and a wind velocity v = 10 m · s −1 . Moreover, we take the characteristics of GTCAO, the adaptive optics system of the GTC (Devaney et al. 2004) . We model it with the CAOS software (Carbillet et al. 2005 ) and we consider in our simulations the following deformable mirror and subaperture geometry: 21 actuators and 20 subapertures placed across the long axis of the telescope pupil. The wavefront sensor measurements are assumed to be perfect (ideal detector) and our simulations are made considering 189 phase screens. We achieve a Strehl ratio S = 0.552 at λ = 1.57 µm (methane absorption line in H-band). It corresponds to a residual wavefront variance σ 2 ϕ = 0.594 rad 2 , based on the Marechal approximation S ≃ exp (−σ 2 ϕ ).
Simulation results for SLLC and APLC in presence of
AO corrected wavefronts Figure 4 displays the results obtained for APLC and SLLC in the conditions defined above. The azimuth averaged intensity profiles are displayed on the top plot and the azimuth standard deviation 5 σ of these profiles are represented on the bottom plot. This last graph is based on the detectivity criteria proposed by Boccaletti (2004) and allows to analyze the detectability of a substellar companion in a halo of residual speckles. As seen in the top plot, the effect of the intensity attenuation is greatly reduced for both coronagraph types. An average attenuation A ∼ 1.42 and 1.24 is reached for APLC and SLLC, corresponding respectively to magnitude differences ∆m ≃ 0.38 and 0.23. SLLC and APLC reach very similar results and therefore, SLLC constitutes an alternative as valid as APLC in the context of AO compensated atmospheric turbulence images (Strehl ratio S = 0.552).
Limits of coronagraphy in presence of AO residual speckles
The previous results also confirm the limits of coronagraphs evoked by Racine et al. (1999) or Aime & Soummer (2004) , when they work in presence of AO corrected wavefronts. Coronagraphs are restrained by the presence of residual speckles which prevent these devices from increasing significantly the contrast of images. Nevertheless, SLLC like other coronagraphs will be useful to partially tackle the pinned speckles (Aime & Soummer 2004 ). It will also help avoiding detector saturation and increase the image dynamic range. For the direct detection of faint substellar companions, additional differential imaging methods (e.g. Marois et al. 2000; Sparks & Ford 2002; Guyon 2004; Marois et al. 2006; Lafrenière et al. 2007 ) to coronagraphy are required.
Conclusion
Stop Less Lyot coronagraph (SLLC) is a modified version of the Apodized Pupil Lyot Coronagraph: it is a combination of an apodizer placed in the input pupil plane and an opaque mask in the following focal plane. However, contrary to APLC, no Lyot stop is used in our coronagraphic approach. SLLC represents an interesting alternative for instruments for which the insertion of a Lyot stop is made impossible. Indeed, this coronagraph allows to avoid detector saturation thanks to its opaque mask and provides some star brightness attenuation since it uses a pupil apodizer. SLLC contrast gain is less important than that of APLC when we work with space instruments. Nevertheless, the difference almost disappears in the presence of AO corrected atmospheric turbulence residuals, where the performance of the SLLC is similar to that of the APLC. Hence, SLLC can be considered as an interesting coronagraph option for many ground based instruments. SLLC images could then be processed to firstly remove the azimuthal symmetric component as suggested by Thatte et al. (2007) and thereafter, combined with some Differential Imaging method to reach photon noise limit and increase their dynamic range. This approach will be presented in a forthcoming paper.
